1. Introduction {#sec1}
===============

As one of the momentous renewable energy sources, solar energy could be one of the best candidates for energy supply in the world. For this purpose, innovative ideas are needed to harvest incident solar energy into electrical energy with a higher output to meet the challenging goals for clean energy supply and demand.^[@ref1],[@ref2]^ Dye-sensitized solar cells (DSSCs) are considered to be an alternative to conventional solid-state solar cells due to the low-cost manufacturing and high photovoltaic performance.^[@ref3]−[@ref5]^ Typically, DSSCs include transparent conducting oxide electrode FTO (fluorine-doped tin oxide), ITO (indium tin oxide) with a TiO~2~ nanocrystal (as anode), and a counter electrode (as cathode) and an electrolyte containing a redox couple such as iodine/iodide and sulfide/polysulfide.^[@ref3],[@ref4]^

Quantum dot-sensitized solar cells (QDSSCs) are one of the new generation of solar cells, which are structurally and functionally similar to DSSCs.^[@ref6]−[@ref8]^ Having great properties such as a tunable band gap, high absorption coefficient, and hot electron injection, leading to reduce the dark current and increase the overall efficiency of a solar cell,^[@ref7]^ QDSSCs have become a hopeful alternative for DSSCs. So far, research studies have been fulfilled using sensitizing either TiO2 or ZnO nanostructures with low band gap semiconductor quantum dots such as CdS,^[@ref9]^ CdSe,^[@ref10]^ CdTe,^[@ref11]^ PbS,^[@ref9]^ InP,^[@ref12]^ and PbSe.^[@ref13]^

In this study, two ZnS quantum dot layers have been used as passivation layers, reducing the recombination rate of quantum dot CdS solar cells^[@ref7],[@ref14],[@ref15]^ Moreover, doping of transition metal ions such as Mn^2+^ would influence the optical, electronic, and physical properties of quantum dots. Santra and Kamat have succeeded in significantly improving QDSSC performance by using manganese in the structure. They have found that the doping of CdS/CdSe films with Mn^2+^ has achieved nearly a 20% enhancement in the power conversion efficiency as compared to undoped films.^[@ref7]^

On the other hand, selecting the proper electrolyte and electrocatalyst are the important issue in designing promising QDSSCs with high performance. Using sulfide electrolyte is prevalent instead of iodine electrolyte in QDSSCs. It is confirmed that employing iodine diminishes the conductivity and the surface activity, resulting in reduction in the efficiency.^[@ref7]−[@ref9]^

Additionally, platinum is an ubiquitous material used as an electroctalyst in DSSCs. Regarding the fact that sulfur compounds as an electrolyte are strongly absorbed on the surface of the platinum layer^[@ref7]−[@ref9]^ because of the HSAB theory, this metal is not a good choice for acting as an electrocatalyst in QDSSCs utilizing polysulfide electrolytes. In addition, platinum is an expensive material, which even increases the cost of laboratory-made cells. Considering the shortcomings mentioned above, researchers have been trying to replace new compounds such as hybrid materials,^[@ref16]^ carbon materials,^[@ref17]^ conductive polymers,^[@ref18]^ and inorganic materials instead of platinum. Inorganic materials such as metal sulfides are more noteworthy than the others thanks to their superior electronic conductivity and large specific surface area.^[@ref19]−[@ref22]^ In the present work, we have used a nanostructured CuS film as an electrocatalyst on the counter electrode.

Overall, there are three restrictions in preparing as well as employing QDSSCs, which draw our attention in this study:I.TiO~2~ only absorbs lights in the UV light region.II.High electron recombination rate in the cell.III.Restrictions on the absorption of light at near-infrared region (NIR) wavelengths.

Although, TiO~2~ is one of the most commonly used compounds in QDSSC construction as the first layer of the substrate due to its low price and relative thermal stability; nonetheless, it only absorbs light in the visible range mitigating cell efficiency.^[@ref23]^ Adding several metals and nonmetals to TiO~2~ have been examined by researchers for tackling this problem.^[@ref24]−[@ref26]^ Nitrogen is one of the best promising compounds, which has been assayed for this purpose.^[@ref27]−[@ref29]^ According to the reported results, adding nitrogen to TiO~2~ not only broadens the light absorption range of TiO~2~ but also increases the amount of dyes (quantum dot dyes) adsorbed on the titanium surface, which in turn enhances both short-circuit current density (*J*~SC~) and the efficiency of the cell. Shu and co-workers^[@ref30]^ have increased the performance of their designed QDSSC by doping of nitrogen into the TiO~2~ substrate, thereby increasing the efficiency from 2.14 to 3.67%.

As pointed above, another drawback that can emerge in QDSSCs could be the high electron recombination rate.^[@ref31]−[@ref33]^ In this regard, utilizing ZnS as the passivation layer and the addition of metal ions such as manganese to the quantum dots would significantly decrease the electron recombination rate.^[@ref34],[@ref35]^ Herein, we have used three strategies simultaneously for achieving the minimum electron recombination rate. In our procedure, in addition to deposition of ZnS as the passivation layer on the top of the layers in the CdS quantum dot and doping of nitrogen and manganese into the ZnS, we have added graphene oxide into the TiO~2~ substrate with optimum composition percentage.^[@ref7]^ Owing to the unique features of graphene oxide, including great thermal stability, wide specific surface area, high flexibility and hardness, high charge carrier mobility (200,000 cm^2^ V^--1^ s^--1^), and high conductivity because of its low band gap, it can be expected that the combination of TiO~2~ with GO brings about a faster electron transfer and declines the electron recombination rate.^[@ref36]−[@ref38]^

Last but not least, developing organic dyes with a UV--vis--NIR light harvesting capability is one of the best ways to increase light harvesting, which finally rises short-circuit current density (*J*~SC~).^[@ref39],[@ref40]^ It is well-known that a single dye cannot absorb panchromatic sunlight, and it has remained a big problem for the researchers. One solution for dealing with this problem is the modification of photoanodes employing the cosensitization method. According to this procedure, we can use either one or more organic dyes as the second dye (complementary dye), which expands the wavelength range of light absorption from UV--vis to NIR range, resulting in an improvement in the cell efficiency.^[@ref41]−[@ref43]^ Either metal-porphyrin or free-base porphyrin as well as ruthenium complexes is some of the best compounds used in this strategy.^[@ref44],[@ref45]^ Using environmentally friendly porphyrin compounds render beneficial properties that make these materials suitable for solar cell systems. Simply put, they exhibit high light harvesting ability in the near-infrared region as well as over the whole visible region.

In the current work, we have employed Zn-porphyrin (porphyrin, 5,10-bis(4′-carboxymethylphenyl)-15,20-bis(4′-pyridyl)) into the photoanode of QDSSC and investigated the photovoltaic performance and cell efficiency. To the best of our knowledge, this is the first account of using an environmentally friendly porphyrin compound in the structure of QDSSC based on the TiO~2~/CdS photoanode. Moreover, it is worth noting that no report has been published concerning the modification of all components of photoelectrodes in one study to enhance the efficiency of QDSSC. So, this shows the importance of our work on this aspect.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

All the materials used in this study were provided by Sigma-Aldrich and Merck Element and were used as received. Commercial nanocrystalline titania Degussa P25 (specific surface area, 50 m^2^/g) was used in all cell fabrications. Graphene oxide was synthesized as described in our earlier reports.^[@ref46]^ Zinc-porphyrin, namely, 5,10-\[bis(4-pyridyl)\]-15,20-\[bis(4-methylbenzoate)\] zinc(II) porphyrin, was synthesized as reported previously.^[@ref47]^

2.2. Methods {#sec2.2}
------------

Scanning electron microscopy (SEM) analysis was used to investigate the surface morphology of compounds on an FTO glass performed by Hitachi (SEM) at 30 kV. Fourier transform infrared spectra were obtained by FTIR 8400S spectrophotometer (Shimadzu, Japan) in the range of 400--4000 cm^--1^. A diffuse reflectance spectrum (DRS) recorded from a Shimadzu (MPC-2200) spectrophotometer and UV--visible spectrometer (Shimadzu UV-1700) was used in light absorption studies of the synthesized compounds (in the range of 200--800 nm). X-ray diffraction (XRD) analysis was achieved from a JEOL JDX-8030 X-ray powder diffractometer with Cu Kα (*l* = 0.154 nm) radiation (40 kV, 30 mA). The photocurrent--voltage (*J*--*V*) analysis of the cells was measured with a Keithley model 2400 digital source meter (Keithley, USA). IPCE analysis was performed by a device manufactured by our laboratory team with a W Oriel xenon lamp and a Jobin-Yvon monochromator. Electrochemical impedance spectroscopy (EIS) measurements of the cells were achieved under AM 1.5 G simulated light (Luzchem) using potantiostat/galvanostat (PGSTAT 100, Autolab, Eco-Chemie) at an AC amplitude of 10 mV within the frequency range from 0.01 Hz to 500 kHz.

2.3. Preparation of the TiO~2~ Paste {#sec2.3}
------------------------------------

The TiO~2~ paste was prepared by stirring (nanocrystalline) nc-TiO~2~ powders in pure water (30 wt %) with acetylacetone (10 wt %) and polyethylene glycol (PEG) (40 wt % relative to the TiO~2~) for 1 h.^[@ref32]^ We prepared four types of TiO~2~ pastes by nc-TiO~2~ powders with different average sizes (15 and 27 nm) and PEG with different molecular weights (20,000 and 500,000). Then, the resulting pastes were cast onto a glass substrate coated with indium-doped tin oxide (ITO) with a Scotch tape as a frame and spacer, raking off the excess solution with a glass rod (squeegee technique). The TiO~2~ electrodes were dried in air at room temperature for 10 min, annealed at 450 °C for 30 min in a furnace, and then cooled down to rt.

2.4. Fabrication of TiO~2~/CdS~(5)~/ZnS~(2)~ Photoelectrode {#sec2.4}
-----------------------------------------------------------

At first, the TiO~2~ film was dipped in 0.1 M Cd(NO~3~)~2~ solution for 5 min and rinsed with ethanol. Following that, it was dipped for 1 min in 0.1 M Na~2~S solution. These two steps actually formed a CdS quantum dot layer on the photoelectrode. The number of CdS QDs was increased by repeating the assembly cycles from one to five cycles. For the ZnS passivation layer, the TiO~2~/CdS film was dipped into 0.1 M Zn(NO~3~)~2~ solution for 5 min. Then, it was dipped into 0.1 M Na~2~S solution for another 5 min. The number of ZnS QDs was increased by repeating the assembly cycles twice. Finally, they were annealed in a vacuum with different temperatures to avoid oxidation.

2.5. Preparation of N-Doped TiO~2~ {#sec2.5}
----------------------------------

N~~-~~doped TiO~2~ particles were prepared using the sol--gel method.^[@ref48]^ In this procedure, titanium isopropoxide was dissolved in 100 mL of isopropyl alcohol (IPA) to form a 0.1 M solution and was vigorously stirred at 60 °C for 30 min. Then, hexadecyltrimethylammonium bromide (CTAB) (3.64 g, 0.01 mol) was added to the solution. Following that, PEG 20000 (2 g) was poured to the solution; the resulting mixture was stirred for an additional 30 min and then calcined at 500 °C for 2 h at a ramp rate of 5 °C/min to give a white powder of N-doped TiO2 particles.

2.6. Fabrication of the GO/N-Doped TiO~2~ Photoelectrode {#sec2.6}
--------------------------------------------------------

N-doped TiO2 particles (0.06 g) in each sample were used to prepare GO/N-doped TiO~2~ pastes. In this regard, 0, 0.001, 0.01, 0.1, and 1 mL of GO was added prior to the first sonication. Then, the prepared pastes were immersed in ethanol and coated on the FTO (fluorine-doped tin oxide) glass using the doctor blade method and subsequently dried at 70 °C for 5 min. Following that, the dried GO/N-doped TiO~2~ pastes were calcined in an electric furnace at 450 °C for 30 min in air conditions at a heating rate of 5 °C/min. Then, the final electrodes were dipped in a 40 mM TiCl~4~ solution for 30 min at 70 °C. In the final step, the electrodes were sintered at 450 °C in air at a heating rate of 5 °C/min for 30 min again.

2.7. GO/N-Doped TiO~2~/CdS~(5)~/ZnS~(2)~ {#sec2.7}
----------------------------------------

GO/N-doped TiO~2~/CdS~(5)~/ZnS~(2)~ was prepared by a similar method described in [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}, except that five layers of CdS and two layers of ZnS were deposited on the GO/N-doped TiO~2~ film.

2.8. GO/N-Doped TiO~2~/CdS~(5)~/Mn-Doped ZnS~(2)~ {#sec2.8}
-------------------------------------------------

A similar method to [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"} has been done. However, in the ZnS deposition step, to incorporate doping of Mn^2+^, manganese acetate (0.025 M) was mixed with zinc nitrate (0.1 M). This allowed coadsorption of Mn^2+^ and Zn^2+^ ions, which in turn simplified incorporation of Mn^2+^ into the ZnS film. Moreover, for comparison purposes, we have prepared three different types of semiconductor photoanodes of 5, 10, and 15 wt % manganese acetate (Mn)-doped ZnS films on GO/N-doped TiO~2~/CdS~(5)~/ by the abovementioned SILAR process.

2.9. GO/N-Doped TiO~2~/CdS~(5)~/Mn-Doped ZnS~(2)~/Zn-Porphyrin {#sec2.9}
--------------------------------------------------------------

To add a porphyrin derivative to the structure of GO/N-doped TiO~2~/CdS~(5)~/Mn-doped ZnS~(2)~, the photoelectrode was dipped into a zinc-porphyrin solution (0.5 mM) for 6 h at room temperature and then dried at air conditions.

2.10. Fabrication of a Copper Sulfide (CuS) Counter Electrode^[@ref7]^ {#sec2.10}
----------------------------------------------------------------------

The CuS counter electrode was prepared using a low-temperature (CBD) chemical bath deposition technique. The ultrasonically well-cleaned, specially holed FTO substrate was vertically immersed in the aqueous solution consisting of 0.1 M copper sulfate pentahydrate, 0.4 M sodium thiosulfate, and 0.7 M acetic acid. Here, copper sulfate acts as the copper source, sodium thiosulfate as the sulfur source, and the acetic acid as the catalyst, which promotes the supply of sulfur for CuS construction. The substrate-dipped growth solution was kept in a hot air oven and maintained at 60 °C. The deposition temperature was maintained for 45 min. Finally, the CuS-coated films were washed several times with DI water, dried and used for preparation of QDSSCs.

2.11. Fabrication of QDSSCs {#sec2.11}
---------------------------

The structure of QDSSCs was designed using a hot melting sheet (SX 1170-60, Solaronix) at 100 °C, and the internal space was filled with a redox liquid electrolyte containing 1 M Na~2~S with 2 M S and 0.2 M NaOH in methanol and DI water at a ratio of 7:3.

3. Result and Discussion {#sec3}
========================

3.1. SEM, XRD, IR, and UV--Vis Analysis {#sec3.1}
---------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} schematically shows the process for preparing our designed photoanode step by step. In our procedure, we have performed three prominent stages for modification of the photoelectrode to achieve higher efficiency cells. These stages include adding GO and nitrogen in the TiO~2~ substrate, doping of Mn^2+^ into ZnS passivation layer, and coating of Zn-porphyrin.

![Fabrication process employed to prepare the GO/N-doped TiO~2~/CdS/Mn-doped ZnS/Zn-porphyrin photoande.](ao0c00855_0001){#fig1}

Scanning electron microscopy was applied to study the morphology of TiO~2~ and CdS nanoparticles as well as the final photoanode containing the porphyrin fragment and Mn doped into ZnS, and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the top-view SEM images of the samples. As shown ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A), the TiO~2~ nanoparticles are deposited almost regularly at the surface of the FTO. Moreover, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B indicates the graphene oxide sheets incorporated into the titanium dioxide particles. Besides, after adding CdS-ZnS quantum dots to TiO~2~, the morphological changes of particles are clearly visible ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). Finally, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D,F displays the morphology of the photoanode after doping of manganese and coating of Zn porphyrin, respectively.

![SEM images of (A) TiO~2~ nanoparticles, (B) GO/N-doped TiO~2~, (C) GO/N-doped TiO~2~/CdS/ZnS, (D) GO/N-doped TiO~2~/CdS/Mn-doped ZnS, (E) GO/N-doped TiO~2~/CdS/Mn-doped ZnS/Zn-porphyrin, and (F) cross-sectional view of GO/N-doped TiO~2~/CdS/Mn-doped ZnS/Zn-porphyrin.](ao0c00855_0003){#fig2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the XRD patterns of GO N-doped TiO~2~ and TiO~2~/CdS/15Mn-doped ZnS. The presence of two peaks at 25 (101) and 48° (200) indicates the anatase phase of the semiconductor compound (TiO~2~) after deposition on the anode. The XRD peak positions for GO N-doped TiO~2~/CdS/15Mn-doped ZnS ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, bottom) are shown at 2θ values of 28.4, 33.2, 47.3, and 56.2° matched with the (111), (200), (220), and (311) ZnS nanoparticles crystalline planes. This accordance confirms the existence of ZnS nanoparticles in the deposited composition.

![XRD patterns of GO/N-doped TiO~2~ (top) and TiO~2~/CdS/Mn-doped ZnS (bottom).](ao0c00855_0004){#fig3}

At the same time, the peaks at 28.3, 36.8, and 48.1° exactly correspond to the (101), (102), and (103) planes of CdS nanoparticles. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, some XRD peaks have overlapped with each other such as the (102) plane of CdS nanoparticles and the (004) plane of TiO~2~ nanoparticles. As a final point, the decrease in the peak intensity of TiO~2~, CdS, and ZnS in GO N-doped TiO~2~/CdS/15Mn-doped ZnS is mainly due to either the doping of manganese into ZnS or formation of some amorphous substances on the final thin film surface.^[@ref7]^ The XRD pattern of the latter film did not differ by adding Zn-porphyrin as well.

FTIR analysis was performed to investigate the bonds and functional groups present in all photoanodes. Based on the obtained data, all photoelectrodes have shown the characteristic bands related to existence of ZnS and CdS in their structures. The FTIR spectrum of the GO/N-doped TiO~2~/CdS/10Mn-doped ZnS is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. As depicted in the figure, a broad peak appearing at 3400--3650 cm^--1^ in the high frequency is ascribed to the stretching mode of O--H bond and reveals the presence of hydroxyl groups in graphene oxide moiety. Moreover, the broad band observed in the region between 1600 and 1730 cm^--1^ was assigned to the carboxyl group as well as the stretching and bending vibration of OH groups of water molecules adsorbed on graphene oxide.

![IR spectrum of GO/N-doped TiO~2~/CdS/10Mn-doped ZnS.](ao0c00855_0005){#fig4}

Additionally, the peak at 1430 cm^--1^ denotes the C--O--C stretching vibration.^[@ref49]^ Meanwhile, the observed peaks at 602 and 667 cm^--1^ are attributed to the Zn--S and Cd--S stretching vibration, respectively.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} illustrates the UV--vis absorption spectra of porphyrin dye and various photoanodes fabricated in this study. In the UV--vis spectrum of Zn-porphyrin ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A), an intense Soret band in the 400--460 nm range and moderate Q bands in the 540--610 nm range are observed. According to [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, after doping of manganese into ZnS, a redshift in the visible region appears.

![UV--vis absorption spectra of (A) Zn-porphyrin dye. (B) a = CdS/ZnS and b = CdS/Mn-doped ZnS (on TiO~2~). (C) a = CdS/Mn-doped ZnS/Zn-porphyrin (on TiO~2~) and b = CdS/Mn-doped ZnS/Zn-porphyrin (on GO/N-doped TiO~2~). (D) a = CdS/ZnS, b = CdS/Mn-doped ZnS, and c = CdS/Mn-doped ZnS/Zn-porphyrin (on GO/N-doped TiO~2~).](ao0c00855_0006){#fig5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C shows the effect of adding nitrogen into the electrode. It can be seen that existing nitrogen brings about a redshift in the spectrum; however, owing to the low amount of nitrogen in the substrate composition, this redshift is moderate. It is well established that the presence of nitrogen not only increases light absorption range but also enhances CdS-ZnS quantum dot adsorption on the surface of TiO~2~, resulting in the increment of efficiency.^[@ref48]^ The most rational explanation for this is that adding nitrogen to the titanium substrate rises the active surface area of the TiO~2~ from 53.31 to 54.20 m^2^/g, which in turn results in the increased absorption of corresponding quantum dots onto the substrate. At the same time, graphene oxide sheets can act as a bridge between TiO~2~ nanoparticles. Here, the presence of graphene oxide sheets among the titanium nanoparticles has caused the expansion of the active surface area of the TiO~2~ substrate from 54.20 to 57.58 m^2^/g, which reinforces the effect of existing nitrogen. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D displays the UV--vis spectrum of the final photoanode after coating of Zn-porphyrin in the structure. Apparently, a broad absorption throughout the 300--750 nm is observed. This large redshift may correspond to the great interaction of porphyrin dye with other components such as GO/N-doped TiO~2~ and CdS/Mn-doped ZnS in the photoanode structure.

Zn-porphyrin possesses a mesosubstituted structure with two pyridyl groups and two benzoate groups at cis positions to each other ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). This compound contains functional groups such as a benzoate fragment, which is suitable to act as an anchoring group to TiO~2~.^[@ref50]^ As described earlier, addition of Zn-porphyrin surges the light absorption to 750 nm in the final photoelecrode. Undoubtedly, this major alteration will boost the cell efficacy to a large extent.

![Chemical structure of the Zn-porphyrin employed in the present study.](ao0c00855_0007){#fig6}

3.2. *J*--*V* and IPCE Analysis {#sec3.2}
-------------------------------

For the purpose of examining the electrical behavior and the energy conversion efficiency of cell construction with the desired compounds, voltage--current (*J*--*V* graphs) analysis was accomplished. The electrical properties of all devices prepared in this study are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. More precisely, data including open-circuit potential (*V*~OC~), fill factor (FF), short-circuit current density (*J*~SC~), and the efficiency of cell (η) have been listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. At first, we have investigated the TiO~2~/CdS/ZnS electrode and achieved following parameters: *V*~OC~ = 0.60 V, *J*~SC~ = 6.98 mA cm^--2^ FF = 0.46 and η = 1.80%.

![Photocurrent density--voltage graphs of QDSSCs based on several photoanodes: (A) a = TiO~2~/CdS/ZnS and b = GO/N-doped TiO~2~ CdS-ZnS. (B) a = CdS/ZnS (on bare TiO~2~), b = CdS/ZnS (on GO/N-doped TiO~2~), c = CdS-10Mn-doped ZnS (on GO/N-doped TiO~2~), d = CdS-15Mn-doped ZnS (on GO/N-doped TiO~2~), and e = CdS-5Mn-doped ZnS (on GO/N-doped TiO~2~). (C) a = CdS-5Mn-doped ZnS (on GO/N-doped TiO~2~), b = CdS-10Mn-doped ZnS (on GO/N-doped TiO~2~), c = CdS-15Mn-doped ZnS (on GO/N-doped TiO~2~), and d = CdS-10Mn-doped ZnS/Zn-porphyrin (on GO/N-doped TiO~2~).](ao0c00855_0008){#fig7}

###### Photovoltaic Parameters of QDSSCs Based on Various Photoanodes Fabricated in this Study

  photoanode                                   *V*~OC~ (V)   *J*~SC~ (mA cm^--2^)   FF     η %
  -------------------------------------------- ------------- ---------------------- ------ ------
  TiO~2~/CdS/ZnS                               0.60          6.98                   0.46   1.80
  GO/N-doped TiO~2~/CdS/ZnS                    0.69          8.97                   0.45   2.52
  GO/N-doped TiO~2~/CdS/5MnZnS                 0.70          9.42                   0.50   3.07
  GO/N-doped TiO~2~/CdS/10MnZnS                0.71          10.46                  0.49   3.47
  GO/N-doped TiO~2~/CdS/15MnZnS                0.70          7.98                   0.47   2.43
  GO/N-doped TiO~2~/CdS/10MnZnS/Zn-porphyrin   0.72          11.47                  0.60   4.62

As can be seen from the aforementioned data, cell efficiency in this case was 1.8%. By adding graphene oxide and nitrogen into the TiO~2~ segment, the amount of efficacy increased to 2.52%. This enhancement can be justified by the fact that, on the one hand, graphene oxide sheets own high electrical conductivity, resulting in a high charge carrier mobility, and at the same time, existing nitrogen is important as it can produce an extensive surface area on TiO~2~. Both of these factors can increase the short-circuit current density (*J*~SC~) in the cell due to an increase in the rate of electron transfer. Meanwhile, in comparison with a previous study on QDSSCs containing incorporation of graphene oxide and nitrogen into the titanium substrate, which were reported by Kim et al.,^[@ref48]^ a noticeable enhancement (44%) in our cell efficacy can be observed. As illustrated before, doping of manganese has been done to improve cell performance. For this purpose, different amounts of manganese (5, 10, and 15 wt %) have been doped into the ZnS passivation layer.

Regarding the *J*--*V* graphs, adding 5 and 10 wt % Mn^2+^ into the ZnS increases cell performance.^[@ref7],[@ref51]^ However, the latter has a greater effect on the energy conversion efficiency. Yet, employing 15 wt % Mn^2+^ declines the short-circuit current density (*J*~SC~) in the cell and therefore reduces the cell efficiency. The chief cause for the enhancement of cell efficacy (3.07 and 3.47%) in the case of using 5 and 10 wt % manganese is related to the effective diffusion of Mn^2+^ in the titanium dioxide nanoparticles. However, increasing amount of manganese to 15 wt % has decreased the cell efficiency and *J*~SC~ as well. That is probably due to the increased recombination rate of charge carriers with electrolyte redox species on the semiconductor interface.^[@ref7]^

Finally, according to the results (*V*~OC~ = 0.72, *J*~SC~ = 11.47 mA cm^--2^, FF = 0.60, and η = 4.62%), addition of Zn-porphyrin into the structure of photoelectrode causes a 9.6% increase in the short-circuit current density (from 10.46 to 11.47 mA cm^--2^), which in turn results in a 33% increase in efficiency (from 3.47 to 4.62%). All of these results indicate a 92% increase in cell efficiency compared to the best results in a similar based quantum dot family conducted by Rao et al.^[@ref7]^

To complete the results of the light absorption analysis by the compounds deposited on the anode, the incident photon-to-carrier conversion efficiency (IPCE) analysis of all the deposited compounds was performed. IPCE analysis was first carried out on the quantum dots of CdS/ZnS and CdS/Mn-doped ZnS deposited on bare TiO~2~ shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. Both QDSSCs based on doped and undoped manganese into the photoanode exhibit broad response with a maximum IPCE around 65%. In addition, the longer wavelength response of Mn-doped ZnS parallels the behavior seen in the absorption spectra.

![IPCE spectra of QDSSCs based on different photoanodes. (A) a = CdS/ZnS and b = CdS/Mn-doped ZnS. (B) a = CdS/Mn-doped ZnS (on bare TiO~2~), b = CdS/Mn-doped ZnS (on GO/N-doped TiO~2~), and c = CdS/Mn-doped ZnS/Zn-porphyrin (on GO/N-doped TiO~2~). The right-hand axis indicates the integrated photocurrent that is expected to be generated under AM 1.5 G irradiation.](ao0c00855_0009){#fig8}

In the following, to evaluate the effect of adding nitrogen to the substrate composition, IPCE analysis was performed on two cells made of bare TiO~2~ and a GO N-doped TiO~2~ substrate. As mentioned earlier, addition of nitrogen increases the adsorption of dyes (quantum dots) on the surface of TiO~2~, therewith increasing the IPCE and efficiency of the cell. In this case, the IPCE percentage has increased from about 65 to 70%. Moreover, coating of porphyrin into the CdS/Mn-doped ZnS has produced a striking change. This system exhibits broad response with a maximum IPCE near 75%. Also, extended wavelength response of the final device in the presence of porphyrin is accordance with the findings of UV--vis spectra.

Additionally, the integrated *J*~SC~ values for the devices without and with porphyrin coating have been calculated to be 10.37 and 15.68 mA cm^--2^ ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B), respectively, which are close to the measured *J*~SC~ of 10.46 and 15.80 mA cm^--2^ for corresponding devices. This acknowledges that any mismatch between the simulated sunlight and the AM 1.5 G standard is small.^[@ref52]^

3.3. Impedance Analysis and Stability Test {#sec3.3}
------------------------------------------

The electrochemical parameters such as the series resistance (*R*~S~), the charge transfer resistance at the counter electrode/electrolyte interface (*R*~CE~), the charge transfer resistance at the photoanode/electrolyte interface (*R*~ct~), and chemical capacitance (*C*~μ~) were obtained directly by the impedance spectroscopy using the ZView software and have been shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the Nyquist plots for all devices generated in this work. The inset in the figure contains the equivalent circuit used to fit the plots. As can be seen in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the *R*~S~ values decreased gradually from 12.60 to 8.98 Ω in the final cell. The low *R*~S~ values are beneficial and provide great bonding strength between the photoanode and the FTO substrate, which in turn enhances the collection of more electrons from the external circuit.

![Nyquist diagrams of QDSSCs fabricated with various photoanodes. (A) a = TiO~2~/CdS/ZnS, b = TiO~2~/CdS/5MnZnS, c = TiO~2~/CdS/10MnZnS, and d = TiO~2~/CdS/15MnZnS. (B) = a TiO~2~/CdS/10MnZnS, b = GO/N-doped TiO~2~/CdS/10MnZnS, and c = GO/N-doped TiO~2~-CdS-10MnZnS-Zn-porphyrin.](ao0c00855_0010){#fig9}

###### Fitting Results of the Electrochemical Impedance Spectra of QDSSCs with Different Photoanodes

  photoanode                                   *R*~S~ (Ω)   *R*~ct~ (Ω)   *R*~CE~ (Ω)   *C*~μ~ (μF)
  -------------------------------------------- ------------ ------------- ------------- -------------
  TiO~2~/CdS/ZnS                               12.60        22.08         32.30         4.98
  TiO~2~/CdS/5MnZnS                            11.19        7.06          22.12         7.43
  TiO~2~/CdS/10MnZnS                           10.03        6.30          20.30         8.83
  TiO~2~/CdS/15MnZnS                           9.21         35.13         27.60         4.79
  GO/N-doped TiO~2~/CdS/10MnZnS                9.75         5.90          18.70         9.32
  GO/N-doped TiO~2~-CdS-10MnZnS-Zn-porphyrin   8.98         5.30          18.10         9.96

The *R*~ct~ value of the device containing 10 wt % Mn is 6.30 Ω, indicating the superior charge transfer and electrocatalytic performance at the photoanode/electrolyte interface. However, this figure for the device containing 15 wt % Mn is 35.13 Ω, showing that a higher amount of manganese reduces the electron transfer rate and causes poor efficiency. Moreover, the *R*~CE~ value of the final cell possessing porphyrin and 10 wt % Mn is 18.10 Ω, which is much lower than the value of an undoped manganese film (32.20 Ω). Increment of this value demonstrates poor catalytic ability; therefore, a decrease in efficiency is observed. Regarding the *C*~μ~ value, it gently rises (except in 15 wt % Mn-ZnS) and reaches 9.96 in the final cell possessing porphyrin. The higher *C*~μ~ value corresponds to the higher surface area, bringing about better catalytic performance.^[@ref53]^

Finally, the stability of the final device based on the GO/N-doped TiO~2~/CdS/10MnZnS/Zn-porphyrin photoanode was investigated under continuous illumination, which is vital for commercialization. Thus, the long-term stability of the device over 600 min was examined and [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the extracted photovoltaic parameters (η, *J*~SC~, FF, and *V*~OC~). These parameters exhibited nearly constant with slight fluctuations during the stability test. According to these graphs, the voltage parameter was partially increased until 500 min and then stabilized. These findings revealed the promising stability of our final device during the time mentioned.

![Stability evaluation of *J*--*V* curves, (A) *J*~SC~, (B) FF, (C) efficiency (%), and (D) *V*~OC~ for the QDSSC based on the GO/N-doped TiO~2~-CdS-10MnZnS-Zn-porphyrin photoanode.](ao0c00855_0002){#fig10}

4. Conclusions {#sec4}
==============

In summary, several types of QDSSCs based on CdS/TiO~2~ have been fabricated and fully characterized. Then, on the grounds that some limitations exist in QDSSCs, we have made changes step by step to diminish the relevant restrictions in our designed cells. The most pivotal modification fulfilled in the device includes adding GO into TiO~2~, doping of nitrogen into TiO~2~, doping of manganese with different weight percentages into ZnS, and coating of Zn-porphyrin into the photoanode. Not only did adding graphene oxide and nitrogen into TiO~2~ decrease the rate of electron recombination in the cell and increase the amount of light absorption on the TiO~2~ surface, but it also expanded the quantum dot CdS/ZnS adsorption on the TiO~2~ surface. To minimize the electron recombination rate and increase the short-circuit current density (*J*~SC~) in the cell, we have doped an optimum amount of Mn (10 wt %) into the ZnS quantum dot as a passivation layer. After making these two important changes in the target cell, we have witnessed a great change in cell efficacy from 1.80 to 3.47%. Moreover, in the final step, we have employed Zn-porphyrin with the cosensitization method in the structure of photoanode. It was found that adding Zn-porphyrin to the quantum dots of CdS/ZnS had a tremendous impact on the cell efficacy. In this case, the efficacy reached 4.62%. This figure is much higher than those reported for TiO~2~/CdS QDSSCs. Meanwhile, impedance analysis resulted in the lowest electrical resistances *R*~ct~ and *R*~CE~ for the final device containing porphyrin and 10 wt % Mn among all devices prepared in this work. This confirms that the appropriate amount of manganese ions alongside with porphyrin was found very effective to improve the surface and electronic properties both in chemical stability and photovoltaic performance.
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